In Fe-rich FeAl, serrated plastic-flow behavior has been observed for the first time at room temperature. Serration on the tensile stress-strain curve occurs in single crystals that 1173 K. In contrast to conventional serrated flow, the serrated flow in FeAl is associated with work hardening, and it becomes more pronounced with increasing AI content from 33 to 44 mol.%. The strong dependence on alloy composition and the lack of strain-rate sensitivity are discussed.
In the last decade, many research efforts have been made to investigate the strenfl of L FeAl, such as the excess-vacancy hardening and the yield stress anomaly. A number of the :ent papers suggest mechanisms for the yield stress anomaly based on experimental results [ 1 L}, but only a few papers address the question why excess vacancies harden Fe-Al SO much. iang et al. [SI reported that hardness in B2 FeAl has a linear relationship with the square root ' the vacancy concentration. This relationship may be interpreted in terms of the solid dution hardening proposed by FIeischer and Hibbard 161 and Friedel 171. However, Pike et . [8] concluded that the solution hardening rate by vacancies is higher than that seen in many ibstitutional solid solutions, and thus there may be an as-yet unrevealed additional mechanism at is involved in the vacancy hardening. In our recent single crystal study at room mperature [SI, serrated flow behavior was observed in vacancy-containing Fe-AI. Such a shavior has never been observed at room temperature till now. The analyses of this behavior lay give some clues to fmd the mechanism of the excess-vacancy hardening.
In this paper, the room-temperature serrated-flow behavior observed in vacancyupersaturated Fe-AI is highlighted. The serrated flow and the excess-vacancy hardening are iscussed based on off-stoichiometric effects on defect properties, supersaturated vacancy oncentration, work-hardening, and strain-rate sensitivity.
Experimental
Effects of vacancy supersaturation and Al content on room temperature deformation of ?e-Al were investigated by tensile testing of three different single crystals 41 and 44 c 18, 0 c 7, N < 1 and H = 1) The tensile axes of the specimens were close to the 17231 Tirection. All the tensile specimens received a homogenization heat treatment at 1373 K for 48 hs, followed by slow cooling at 0.005 K d to room temperature inside the furnace.
Subsequently, these specimens were vacuum-sealed in silica tubes, and re-annealed at 1173 K for 1 h, followed by fast cooling outside the furnace to introduce excess vacancies. Before tensile tests, specimen surfaces were mechanically polished and electropolished in perchloric acid-methanol solution. Tensile tests were conducted using an Instron 8562-type machine in a vacuum better than 2 x Figures 1 and 2 show resolved shear stress -strain curves of the as-homogenized and the fast-cooled three single crystals, respectively. The critical resolved shear stresses (CRSSs) are raised prominently due to excess vacancies. It was noted that all fast-cooled specimens displayed serrations with work-hardening. In Fe-41 and MA, this serrated flow behavior continues until the specimens failed. Figure 3 shows highly magnified resolved shear stressstrain curves for the fast-cooled specimens. It is clear that the serrated flow behavior is more pronounced for the higher Al content. Since the excess vacancy concentration is higher for the higher Al content in B2 FeAl when samples receive the same heat treatments [5, 101, the change in these jerky flow characteristics depending on Al content would likely result from the change Pa at room temperature.
I excess vacancy concentration.
The strain-rate sensitivity of flow stress was examined by changing the strain-rates etween 1 x lo4 and 1 x lo-' s-I. Figure 4 shows resolved shear stress-strain curves of fastooled (a) Fe-41. and (b) 44Al single crystals. Due to the unstable nature of jerky flow, -ansients in the flow stress change could not be detected. The serrated flow behavior was )ound to be rather insensitive to strain-rate changes. Discussion
The present paper gives the fmt experimental evidence of serrated flow behavior in Fech FeAl single crystals at room temperature when large amounts of supersaturation of thermal acancies were retained. In the earlier work [2, 111, serrated plastic flow behavior associated rith the propagation of coarse slip bands was reported in Fe-39Al single crystals at 823 K, rhich is the peak temperature of the yield strength anomaly in t h i s alloy. The results of this arlier work are briefly summarized before discussing the current results.
When Fe-39A1 single crystals were deformed in compression along the [i23] direction t 823 K, serration on the stress-strain curves was detected in the early stage of work-hardening. 'he slip-trace analysis on two surfaces indicated that the serrated flow behavior was associated vith the heterogeneous formation of slip lines and the propagation of Liiders-like bands, with a 1111 slip vector. In the later stage of plastic flow (beyond about 3% strain), when the slip mds covered the whole compression samples, the serration disappeared and work-softening )ccurred. In the later stage, the active slip vector was identified by TEM to be of the <010>-ype. The slip vector transition fiom [lll] to c010> can be explained by the dislocation kcomposition model [12] . A Liiders band propagation is associated with a dislocation mdanche moving once into unyielded material. To explain this behavior, the model related to iouble cross-slip pinning and to dislocation locking by solute atom atmosphere have been poposed [13, 141. Dislocation mechanisms responsible for the Luders-like slip band popagation in B2 FeAl at the peak temperature are thought to be involved with both the cross slip of (iOl)[ 1 111 screw superdislocations into the (i 10) or (21 1) plane and the interaction of non-screw dislocations with thermal vacancies at this transition temperature [ 1 11.
Dvnamic hteraction of Dislocations with Point Defects room temperature, the active slip system in tensiie specimens dong the [i231 direction of the single crystals with three Fe-rich compositions (Fe-33, 41 and 44Al) is expected to be (701)[ 11 11. Post mortem TEM analyses of the deformed samples reported elsewhere [9] confirmed the active slip system.
As compared to the Fe-39Al compression specimens, the tensile specimens of the three different compositions had received the additional heat treatment of annealing at 1173 K for 1 h, followed by fast cooling down to 300 K. Therefore, a large supersaturation of nonequilibrium thermal vacancies must have existed in each tensile sample prior to deformation. It is these excess vacancies that are thought to cause jerky flow of (iOl) [lll] superdislocations, 'discontinuous propagation of slip bands, and consequently the serrated stress-strain curve.
he coarse slip band propagation observed in Fe-39Al compression specimens [2, 111 was very iuch like the conventionally observed Liiders-band phenomenon in association with a single eformarion front traveling along a specimen [ls] . But, no direct observation of shp band ropagation was made i n the present work. The source and multiplication mechanisms of (iOl) [lll] superdislocations for the eterogeneous hitiation of slip lines are not understood, but the prismatic dislocation loops esulting from clustering of the quenched-in vacancies have presumably played some role in the ;eneration of mobile dislocations [ 161. Once a coarse slip band is formed, to move the front of he slip band into the undeformed matrix requires an additional multiplication mechanism of nobile dislocations. In this case, the successive double cross-slip of screw superdislocations nay play an important role in effecting the slip band propagation as in the case of a-brass [14].
The serrated flow behavior observed in FeAl single crystals is distinctly different from he conventional Liiders-band phenomenon in that it o c m e d always during work hardening md it is rather insensitive to the applied strain rate (see Fig. 4) . In the present case, point defects are considered to be immobile at room temperature, and the dynamic interaction of the €ront of the slip band with the point defects is to be controued by the mobility of (iOl) [lll] dislocations. The roughness of serrated flow behavior becomes more pronounced with the increase in Al content as shown in Figs. 2 and 3 . Therefore, the sensitivity of dislocation and defect properties to the alloy composition is an important factor that may shed light on our mechanistic understanding of the propagative plastic instability of FeAl single crystals.
Effects of Comuosition on Dislocation and Vacancv Prouerties
In off-stoichiometric FeAl crystals, constitutional defects of several types must exist, such as anti-site defects and constitutional vacancies. It is unlikely, however, that the observed serrated-flow behavior was influenced by these constitutional defects, because the observed behavior was found to be less pronounced with the deviation to the Fe-rich side further away from the B2 stoichiometry (Figs. 2 and 3) .
According to the equilibrium phase diagram [18], the DO, structure is stable at room temperature when the Al content is less than 36 mol.%. Although the equilibrium dissociation configurations of a superdislocation in the DO, and B2 structures are four-fold and two-fold, respectively, the important dislocation configuration in the present case is the two-fold dissociation for all three alloy compositions. This is because of the fact that in Fe-33Al the long-range DO, ordering is decreased by the W, off-stoichiometry, the DO,-type APB energy is reduced, and thus the leading and trailing superpartid pairs move independently as the B2-type superlattice dislocations [19-211. At room temperature, the elastic shear anisotropy in FeAl is known to increase with decreasing Al content [22]; i.e., Fe-33A1 is elastically more anisotropic than Fe-444. If the effect of elastic anisotropy is to increase the effective dislocation width and to decrease the Peierls stress [23] , the intrinsic mobility of (i01) [111] superdislocations should decrease as the Ai content is increased from 33 to 44 mol.%. Furthermore, if the line misotropy seems to be opposite to the compositional dependence of the serrated flow behavior lbserved in this work.
It is now well established that a very high concentration of thermal vacancies exists in 32 FeAl at elevated temperatures. [33] determined the formation enthalpies of vacancies and anti-site defects in stoichiometric FeAl using first-principles quantum mechanical calculations based on the localJensity-functional theory. The calculated results give the vacancy formation enthalpy of H : = 0.97 eV at Fe sites, the anti-site defect formation enthalpy of 0.95 eV at Al sites, and 1.04 eV at Fe sites. These relatively low energies of defect formation, together with the vacancy binding energy of 0.57 eV [33] , suggest a strong possibility of the formation of defect complexes, such as divacancies. Using the data obtained by Wiirschum et al . [29] , which had taken account of divacancy formation, one can obtain the equilibriwn concentrations of vacancies and divacaucies as functions of temperature as shown in Fig. 5 . This result shows that a! the annealing temperature of 1173 K the divacancy concentration, Gv t : 0.016, is higher than the monovacancy concentration, C , = 0.01. As shown in Table 1 , the vacancy migration enthalpy is much larger than the vacancy formation enthalpy. This is one of the unique characteristics of
FeAl not seen in ordinary metals and alloys.
Because of such a high vacancy migration enthalpy, defect migration is sluggish even at high temperatures, and thermal vacancies are easily retained upon rapid cooling. As for the composition dependency of vacancy properties, though a large scatter in the available data, the available experimental values in Table 1 
Summary
Serrated flow is observed at room temperature in rapidly-cooled, Le., excess-vacancy hardened, Fe-rich Fe-AI by tensile deformation. The serrated flow behavior is more pronounced for the higher AI concentration. This trend corresponds to the increase in the CRSS with the increase in excess vacancy concentration as the Al content increase. This is in contrast to the opposite trend of the compositional dependence of the constitutional defect concentrations, APB energy, and the line-tension instability. Therefore, it is concluded that this serrated flow behavior is attributed to the supersaturation of excess thermal vacancies. The serrated-flow behavior observed in Fe-AI is accompanied by work-hardening, and it exhibits negligible strain-rate sensitivity. serrated flow behavior observed in dynamic strain-aging alloys. 
